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Abstract
Laser ablation of solids in liquids technique has been used to obtain colloidal nanoparticles from biological
hydroxylapatite using pulsed as well as a continuous wave (CW) laser. Transmission electron microscopy (TEM)
measurements revealed the formation of spherical particles with size distribution ranging from few nanometers to
hundred nanometers and irregular submicronic particles. High resolution TEM showed that particles obtained by
the use of pulsed laser were crystalline, while those obtained by the use of CW laser were amorphous. The shape
and size of particles are consistent with the explosive ejection as formation mechanism.
Introduction
Nanoparticles represent an important object of investiga-
tion in the field of biomaterials due to the new properties
and functionalities obtainable when operating at nanos-
cale [1-3]. Calcium phosphate compounds in particular
are getting special attention as biomaterials due their
characteristics to induce bone-integration and to anchor
rigidly prostheses or implants to the bone [4]. Among
them hydroxylapatite (HA), Ca10(PO4)6(OH)2,h a sas p e -
cial importance because of its similarities with the
mineral constituents of bones and teeth, where this mate-
rial is present as nanometric particles with a platelet
shape [5] giving them their physiochemical properties.
On the other hand, it has been reported that the use of
b-tricalcium phosphate (b-TCP), Ca3(PO4)2 in nanosize
scale and low crystallinity improves the bioactivity [6,7].
There are different and diverse techniques for produ-
cing calcium phosphate nanoparticles, such as aqueous
solutions [8], the templating technique to achieve nano-
porous hydroxylapatite structure [9], or the microwave
irradiation to synthesize hydroxylapatite nanostructures
[10], etc. In this work, we report the results of calcium
phosphate nanoparticles obtained from calcined fish
bones using laser ablation in de-ionized water. This tech-
nique offers some advantages: direct formation of nano-
particles in solutions, the absence of contamination, all
particles are collected, easiness of preparation, low costs
of processing, etc.
In previous works, we obtained calcium phosphate
micro and nanoparticles from fish bones by laser abla-
tion in ambient conditions [11] and laser-induced frac-
ture [12]. In the present study, we report the production
of b-TCP and HA nanoparticles from a natural source
such as calcined fish bones.
Experimental procedure
The powder used as starting material was obtained from
fish bones according to the following procedure. The fish
bones were boiled in water for 1 h and washed using a
strong water jet to eliminate the fish meat. The washed
fish bones were then dried and heated in air at 950°C for
12 h. The calcined samples were milled during 1 min.
Pellets of the obtained product were prepared as precur-
sor material to be ablated in de-ionized water by two dif-
ferent lasers operating at 1064 and 1075 nm wavelength,
respectively. The first system used was a pulsed Nd:YAG
laser delivering a maximum average power of 500 W.
The laser beam was coupled to an optical fiber of 400 μm
diameter and focused onto the upper surface of the target
by means of 80 mm of focal length lens, where the spot
diameter at normal incidence for a pulsed laser was
about 0.14 mm. Other parameters were varied as follows:
l a s e rp u l s ew i d t h1t o3m s ,f r e q u e n c y5t o1 0H z ,a n d
pulse energy 2 to 8 J. The second laser system used was a
monomode Ytterbium-doped fiber laser. This laser works
in continuous wave mode delivering a maximum average
power of 200W. Its high beam quality allowed setting the
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6 W/cm
2.T h e
laser beam was coupled to an optical fiber of 50 μmd i a -
meter using the same focusing system and processing
setup than in the case of the Nd:YAG laser. Precursor
material was characterized by means of X-ray diffraction
(XRD) using a Siemens D-500 equipment and by X-ray
fluorescence (XRF) taken by a Siemens SRS 3000 unit.
TEM, selected area electron diffraction (SAED), and
HRTEM images were taken on a JEOL-JEM 210 FEG
transmission electron microscope equipped with a slow
digital camera scan, using an accelerating voltage of
200 kV, to reveal their crystalline. The morphology as
well as the composition is described by the scanning elec-
tron microscopy (SEM) using a JEOL-JSM-6700F
Results
The starting material used as target submerged in de-
ionized water consisted in pellets obtained from calcined
fish bones. The calcined fish bones exhibited an appear-
ance of rod-like with micrometric size as shown in
Figure 1.
X-ray diffraction patterns of precursor materials
compared with that of stoichiometric HA are shown in
Figure 2. As can be seen, the biological material is com-
posed of well crystallized HA. The composition detected by
XRF revealed the presence of Ca and P as main elements
in the samples with a Ca/P molar ratio of 1.68. Some
minor elements were also detected, such as Mg, Na, Si, etc.
The use of pulsed laser with 3 ms pulse width, 1.8 J,
and 10 Hz of frequency (laser irradiance: 8 × 5 × 10
6
W/cm
2) lead mainly to the formation of particles with
rounded shape and nanometric size as can be seen from
Figure 3. The HRTEM micrograph demonstrates that
these particles are crystalline, showing the lattice fringes
used to quantify the inter-planar spacing by means of
the fast Fourier transform. The results of crystalline
phases identified by inter-planar distances revealed that
the obtained nanoparticles are mainly composed of HA
and b-TCP, as listed in Table 1. The microanalysis per-
formed on this kind of particles showed also the pre-
sence of trace elements, such as Mg and Si.
The use of continuous wave Yb:YAG fiber laser at
irradiances around 6 × 10
5 W/cm
2 led to the formation
of particles with spherical shape ranging from nano-
metric to micrometric size (Figures 4 and 5), but the
predominance of the nanometric ones is evident from
Figure 4. According to the results of the SAED per-
formed on a group of this kind of particles they are
amorphous. Nevertheless, the microanalysis performed
on groups of these particles revealed the presence of the
same elements of precursor material.
Discussion
When a material surface is excited by laser irradiation,
the photon energy is converted to heat due to photon-
atom interaction, leading to a rapid temperature rise. As
a result, a plume formed by high energetic species can
be generated, where the amount of the mass removed
and the energy of the laser are involved in a complex
process, which depends on the laser parameters (pulse
duration, energy, wavelength, etc.), the solid target prop-
erties, and the surrounding environment [13]. Due to
the high energy density reached at the target surface,
several changes may occur, such as vaporization, surface
melting into a liquid with a moving solid-liquid inter-
face, and for some materials thermal stress effects are
important since they may cause the surface fracture of
the solid [14]. All these mechanisms can contribute to
the formation of particles, which can be obtained from
condensation of evaporated material, from solidification
of liquid droplets ejected by the recoil pressure induced
by vaporization, as well as fragmented material from the
target. According to TEM and SEM observations, there
are differences among the particles obtained with the
pulsed and the CW laser. However, the majority of
obtained particles in both cases are spherical, which
means they are probably formed by explosive ejection
due to the high temperature reached at the zone inter-
action [15,16] or melting and rapid solidification. In
thermal confinement regime, pulse duration is shorter
than the time needed for heat dissipation in target (τp
≪ ttc). Under this condition, pulse duration is shorter
than the time needed for bubbles formation and diffu-
sion in the process of heterogeneous boiling [17,18];
therefore, the material can be overheated over the boil-
ing temperature leading to explosive vaporization at low
fluences or phase explosion at higher fluences [19,20].
On the other hand, stress confinement condition is ful-
filled when the energy is deposited in the irradiated
volume more rapidly than it can be dissipated through
collective molecular motion according to τp ≪ tsc,
Figure 1 SEM photograph of fish bones used as target
showing the size and appearance of crystals.
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chunks [21]. As the use of CW laser is dominated by
thermal regime, both conditions can be estimated in our
work in the case of pulsed laser when thermal diffusivity
(α =3 . 1· 10−3 cm2
s) and the speed of sound (vs = 1801
m / s )f o rs p o n g yb o n e[ 2 2 , 2 3 ]a r ea s s u m e dv a l i df o rf i s h
bones. Calculations for the used laser beam diameter
( = 0.14 mm) confirm that thermal confinement condi-
tion is fulfilled for laser pulse durations in our experi-
ments. The characteristic time tch for heat dissipation in
fish bones can be estimated according to ttc =
d2
4 · α
,
where d is the smallest dimension of the heated volume
(beam diameter) and a is the thermal diffusivity, result-
ing in ttc = 18 ms, which is considerably longer than the
used laser pulses. On the other hand, stress confinement
characteristic can be estimated as tsc =
d
vs
, giving tsc =8 3
ns, which is orders of magnitude shorter than the used
pulse durations. This corroborates that thermal confine-
ment is the only mechanism responsible for material
explosive ejection and subsequent particles formation,
which is consistent with the size as well as the spherical
shape of the obtained particles. As the irradiance when
using the pulsed laser is higher than when using the CW
laser, the particles obtained in the latter conditions are
Figure 2 XRD patterns of calcined fish bones compared with commercial stoichiometric HA (JCPDS 1993).
Figure 3 HRTEM micrograph showing crystalline nanoparticles
obtained from fish bones by laser ablation in water using
pulsed laser and their corresponding fast Fourier transform
(inset). Laser irradiance: 8 × 5 × 10
6 W/cm
2.
Table 1 The experimental inter-planar spacing of
crystalline nanoparticles obtained from fish bones by
pulsed laser ablation in water (laser irradiance: 8 × 5 ×
10
6 W/cm
2) compared to the correspondence to HA and
b-TCP
Experimental (dhkl nm) (dhkl nm) JCPDS_ICDD(1993)
0.238 0.230 (HA)
0.242 0.242 (b-TCP)
0.250 0.253 (HA)
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crystalline; other authors have obtained crystalline hydro-
xylapatite particles using pulsed laser ablation at higher
irradiance [24,25].
Concerning the composition, crystalline particles
obtained by the use of pulsed laser still preserve the com-
position of precursor material, although some of them
undergo transformation phase from precursor HA to b-
TCP promoted by longer pulse and high temperature.
The effect of laser irradiation is expected to induce struc-
tural changes in material precursor constituted by HA
due to the elevated temperature. Investigations in enamel
irradiated with laser reported the formation of traces of
a-TCP phase [26] when CO2 laser is used and the pre-
sence of traces of a-TCP and b- T C Pw h e nt h es o u r c ei s
Nd:YAG laser [27], which are in accordance with the
obtained results. The amorphous particles obtained when
using CW laser are calcium phosphate compounds, prob-
ably formed by melting and rapid solidification due the
low irradiance delivered by the CW laser.
Conclusions
In summary, we have been obtained HA and b-TCP
nanoparticles by the use of laser ablation of targets from
fish bones suspended in de-ionized water. The particles
were obtained using pulsed asw e l la sc o n t i n u o u sw a v e
laser. The use of the first one promotes the crystalline
nanoparticles formation due to the high irradiance,
while the latter one favors the formation of amorphous
particles. The formation mechanism of particles can be
attributed to explosive ejection.
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